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Abstract
The diagnostic measurement and tests of transformers are essential. Also, the costs of diagnostic tests are considerable. 
Hence, proposing a method to determine an economic-technical sequence-bases set of diagnostic tests for transformers is useful and 
interesting. In this paper, a new method is proposed to determine the optimal sequence-based set of diagnostic tests for distribution 
transformers. A new objective function based on the branch and bound concept is developed in this paper. The proposed optimization 
problem is solved by using the Genetic Algorithm (GA). The statistical data regarding the experimental diagnostic tests for more than 
20 distribution transformers of South-West Power System Company (Pivdenno-Zakhidna Power System) located in Ukraine have been 
used. The usage of the actual statistical data of distribution transformers is one of the most important contributions of this paper. 
The comparison of the obtained optimum test results and those of a typical conventional non-optimum sequence of diagnostic tests 
illustrate the advantages of the proposed method. By applying the proposed method, it is achievable to perform the comprehensive 
diagnostic tests with the minimum required costs.
Keywords
distribution transformers, diagnostic tests, optimization, sequence-based set of tests, optimum economic-technical solution, Genetic 
Algorithm (GA)
1 Introduction
The power transformers are important elements in all 
parts of the power systems such as High Voltage (HV) 
transmission systems and Medium Voltage (MV) or Low 
Voltage (LV) distribution systems [1, 2]. The transform-
ers are expensive, and it is interesting to decrease their 
manufacturing costs and increase their lifetime [3, 4]. 
The monitoring of power transformers to improve 
their lifetime has received a great deal of attention [5]. 
By implementing appropriate monitoring systems, it is 
possible to decrease the Loss Of Life (LOL) of power 
transformers and the corresponding costs [6]. Moreover, 
the power system reliability is dramatically affected due 
to transformer failures and interruptions [7].
The transformer operating condition monitoring is essen-
tial for reducing potential future failures and avoiding grow-
ing defects. It is important to develop an effective condition 
monitoring system, which can distinguish the transformer 
condition as it changes. The studies show that if the small 
defects of transformers can not be detected, and they work 
under their non-healthy condition, the failures are steadily 
growing. These steadily growing defects lead to vital and 
critical damages. Hence, the major repairment and replace-
ments cost would be significantly expensive [8].
Various diagnostic systems exist for transform-
ers [9–11]. The developed diagnostic methods for trans-
formers are divided into off-line and on-line meth-
ods [12, 13]. Although the on-line diagnostic systems have 
different advantages, the off-line diagnostic systems are 
more practical, more accurate, and more accessible.
In this paper, the off-line diagnostic tests for distribution 
transformers are studied. Usually, it is necessary to perform 
a group of off-line diagnostic tests to decide that any trans-
former is under healthy condition or not. Then, some cor-
rective and predictive actions should be performed based on 
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the transformer condition. The performing of full diagnostic 
tests would be time-consuming and expensive. Also, there 
are numerous distribution transformers, and it is not possi-
ble to perform full diagnostic tests on all units.
In this paper, a novel methodology is proposed to make 
an appropriate techno-economic decision about the distri-
bution transformer condition with the minimum required 
tests. The branch and bound method [14, 15] is used in the 
proposed method.
The proposed method is developed by using the off-line 
diagnostic test results of distribution transformers. Using the 
experimental diagnostic data for more than 20 distribu-
tion transformers of south-west power system company 
(Pivdenno-Zakhidna Power System) located in Ukraine is 
one of the most important contributions of this article.
The proposed optimization problem is solved by using 
the Genetic Algorithm (GA) to find the optimum sequence-
based set of diagnostic tests for distribution transformers. 
The obtained optimum sequence-based sets of diagnos-
tic tests are compared with other sequences to highlight 
the advantages of the proposed method. The results of 
the two examined methods are compared to illustrate 
the advantages of the proposed method.
2 The faults and diagnostic solutions of distribution 
transformers
In Table 1, the different types of distribution transformers 
faults [16, 17] have been presented. In addition, the proba-
bility of each fault type is shown.
The probability value of each fault type has been 
extracted from the historical and actual data of the south-
west power system company (Pivdenno-Zakhidna Power 
System) in Ukraine.
In this paper, based on the data of the south-west power 
system company, following diagnostic tests and measure-
ments have been considered for distribution transformers:
• Scenario 1 ( π1 ): Visual inspection of internal parts 
by opening the transformer tank [18];
• Scenario 2 ( π2 ): Dissipation factor (tgδ) measure-
ment [19];
• Scenario 3 ( π3 ): High voltage tests [20];
• Scenario 4 ( π4 ): DC resistance measurement of 
windings [21];
• Scenario 5 ( π5 ): Short circuit impedance ( Zk ) mea-
surement [22];
• Scenario 6 ( π6 ): FRA analysis [23];
• Scenario 7 ( π7 ): Insulation resistance measurement 
[24];
• Scenario 8 ( π
8
 ): Transformer ratio test [25];
• Scenario 9 ( π9 ): Physical-chemical tests of trans-
former oil [26, 27].
There are other diagnostic tests for transformers, such 
as time-domain dielectric spectroscopy measurement [28], 
return voltage technique [29, 30], and Frequency Domain 
Spectroscopy (FDS) method [31]. It is possible to consider 
various diagnostic tests in the proposed method. However, 
in the south-west power system company (Pivdenno-
Zakhidna Power System) in Ukraine, the above-dis-
cussed 9 kinds of diagnostic tests are only applicable. 
Accordingly, the study of the usage of other diagnostic 
tests is considered as future work.
In Table 2, the costs of each diagnostic solution have 
been presented in Ukrainian hryvnia (UAH) based on the 
declared costs by the private laboratories.
The mentioned costs for performing different diag-
nostic measurement methods and scenarios could be nor-
malized, too. The visual inspection of internal parts is 
the most expensive diagnostic solution, and the insulation 
resistance measurement is the cheapest solution, which 
their costs are 5000 UAH and 250 UAH, respectively.
Table 1 The distribution transformer fault types and diagnostic solutions
State Fault Type Probability (%)
Diagnostic 
solutions
S1 Turn-to-turn 21 π4 , π5 , π8
S2 Insulation problems 2 π1 , π2 , π3 , π7 , π9
S3 Fault to frame 8 π1 , π2 , π3 , π7 , π9
S4 Inter-turn short circuit 6 π4 , π5 , π8
S5
Opening of one or more 
parallel wires in the 
windings
14 π1 , π3 , π4 , π5 , π8
S6 Radial deformation of coils 12 π1 , π6
S7 Axial deformation of coils 37 π1 , π6
Table 2 The costs of diagnostic solutions
Scenario Diagnostic solutions Cost (UAH)
π1
Visual inspection of internal parts by 
opening the transformer tank 5000
π2 Dissipation factor (tgδ) measurement 1000
π3 High voltage test 3000
π4 DC resistance measurement of windings 600
π5 Short circuit impedance measurement 1200
π6 FRA analysis 3000
π7 Insulation resistance measurement 250
π
8
Transformer ratio test 700
π9 Physical-chemical tests of transformer oil 1100
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3 Applied methodology
In the proposed branch and bound-based method, a n × m 
matrix is defined for n fault types and m diagnostic meth-
ods. The introduced matrix determines each fault of trans-
formers could be detected by which diagnostic methods. 
As can be seen in Eq. (1), the i-th row and the j-th element 
of the matrix would be 1 if the i-th fault type could be 
detected by the j-th diagnostic method:
A
i
jij =
1
The -th fault type could be detected
by the -th diagnostic method.
Otherwise.0





.  (1)
In this paper, it has been assumed that there are 7 fault 
types and 9 diagnostic methods. Hence, the dimension of 
the matrix A would be 7 × 9. In Table 3, the feasibility of 
any diagnostic method for detecting each fault type based 
on the discussed definitions has been demonstrated.
In the proposed method, the best techno-economic 
sequence-based set of diagnostic tests for distribution 
transformers is determined.
The branch and bound is one of the methods that would 
be useful for determining an appropriate set of decision 
variables [32–34]. The sequence-based set of diagnostic 
tests could be modeled based on the branch and bound 
method as Eqs. (2) to (4):
TS TS TS TS TSk m m= … …[ ] ×1 2 1, , , , , ,  (2)
TSk m∈ …{ }pi pi pi1 2, , , ,  (3)
TS TSi j¹ .  (4)
The following rules are considered to determine the 
best set and sequence of diagnostic tests:
• The sequence-based set of diagnostic tests should 
detect all faults and defects comprehensively.
• The costs of diagnostic tests are independent of the 
tests sequence.
• By detecting the first fault or defect, the diagnostic 
tests are stopped.
A Boolean variable, as shown in Eq. (3), is defined 
to determine that the k-th diagnostic test could be useful 
for detecting the new eventual faults and defects in addi-
tion to the previous diagnostic tests:
B
i
i k, =
1
0
The -th fault type has not be
detected by previous tests.
The i-th fault type has be detected
by the one of previous tests.







.  (5)
The Boolean variable shown in Eq. (5) could be deter-
mined by using Eq. (6):
B A i TSi k r
r k
, , .= − ( )( )
∀
∏ 1

 (6)
The cost and required budget for any sequence-based 
set of diagnostic tests could be calculated by using Eq. (7):
TC C A i TS B Pk k i k i
i
n
k
m
= ( )( )





==
∑∑ , .,
11
 (7)
In Eq. (7), the TC, Ck , and Pi represent the total cost of the 
sequence-bases set of diagnostic tests, the cost of k-th diag-
nostic test, and the probability of i-th fault type, respectively.
The use of meta-heuristic algorithms like Particle 
Swarm Optimization (PSO), Genetic Algorithm (GA) 
to solve the optimization problem is useful [35, 36]. In this 
paper, the Genetic Algorithm (GA) is used to solve the opti-
mization problem. By applying the GA in the proposed 
method, it is possible to determine the best sequence-
based set of tests with the minimum costs, which guaran-
tees the complete detection of any fault in the transformer.
4 Test results
The proposed objective function has been implemented 
in MATLAB. The optimization problem has been solved 
by using GA.
The obtained optimum sequence-based set of diagnostic 
tests for distribution transformers is presented in Table 4.
By applying the optimum sequence-bases set of tests as 
demonstrated in Table 4, it is possible to comprehensively 
all fault and defect types of transformers with 2217.5 UAH.
The convergence diagram of the optimization problem 
solving by using the GA has been shown in Fig. 1.
As revealed by the obtained test results, it is appropriate 
to measure the DC resistance of windings. This discussed 
Table 3 Diagnostic scenarios for different types of fault
π1 π2 π3 π4 π5 π6 π7 π8 π9
S1 0 0 0 1 1 0 0 1 0
S2 1 1 1 0 0 0 1 0 1
S3 1 1 1 0 0 0 1 0 1
S4 0 0 0 1 1 0 0 1 0
S5 1 0 1 1 1 0 0 1 0
S6 1 0 0 0 0 1 0 0 0
S7 1 0 0 0 0 1 0 0 0
Table 4 Optimum sequence-based set of diagnostic tests
TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9
Diagnostic 
solution π4 π7 π6 π8 π2 π9 π3 π5 π1
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test is not expensive. On the other hand, significant defects 
and faults could be determined by this measurement. 
The second recommended diagnostic test is the measure-
ment of insulation resistance. By performing the insu-
lation resistance, it is possible to monitor the insulation 
condition of the transformer. Since significant failures 
occur in the transformer because of the insulation weak-
ness, this measurement is essential. Moreover, the FRA 
test, as the third recommended test, is useful to determine 
the mechanical condition of the transformer active part.
Although the considerable percentages of transformer 
faults are corresponding to the axial and radial deforma-
tions and could be detected by the FRA, it is better to per-
form this test after the DC resistance and insulation resis-
tance measurements, as shown in Fig. 2. This is mainly 
because of the FRA test price.
After performing the FRA test, the other diagnostic 
tests could be useful to know more information about the 
transformer condition in details.
The costs of other sets of diagnostic tests are com-
pared to the obtained optimum test results to illustrate 
the advantages of the proposed method. For instance, 
the costs of the test set would be 10036 UAH, as shown 
in Table 5 and Fig. 3.
The comparison test results highlight that by applying 
the conventional non-optimum sequence of tests, the test 
costs would be increased about 5 times the optimum value.
5 Conclusion
In this paper, a new objective function has been proposed 
to determine the optimum technical-economic sequence-
based set of diagnostic tests for transformers. The pro-
posed optimization problem has been solved by using GA. 
By applying the proposed method, it is possible to perform 
the diagnostic tests with the minimum required costs while 
the comprehensive monitoring and diagnostic procedure 
have been achieved. The actual experimental diagnostic 
data and historical data for more than 20 PTs of south-
west power system company (Pivdenno-Zakhidna Power 
System) located in Ukraine have been used to implement 
the proposed method. The use of the actual industrial data 
is one of the most important contributions of this paper.
The comparison test results showed that a typical 
conventional non-optimum set of diagnostic tests might 
lead to about a 500 % increase in the costs of the tests. 
These obtained results illustrate the advantages of the 
proposed method.
Table 5 A typical conventional non-optimum sequence-based set of the 
diagnostic tests
TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9
Diagnostic 
solution π2 π3 π4 π5 π6 π7 π8 π9 π1
Fig. 3 A typical conventional non-optimum sequence-based set of the 
diagnostic tests
Fig. 1 The convergence diagram of solving the proposed 
optimization problem
Fig. 2 The optimum sequence-based set of the diagnostic tests
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